The present work reports on microstructure studies of hydrogen-loaded nanocrystalline Gd films prepared by cold cathode beam sputtering on sapphire (1120) substrates. The Gd films were electrochemically step-by-step charged with hydrogen and the structural development with increasing concentration of absorbed hydrogen was studied by transmission electron microscopy and in-situ Xray diffraction using synchrotron radiation. The relaxation of hydrogen-induced stresses was examined by acoustic emission measurements. In the low concentration range absorbed hydrogen occupies preferentially vacancy-like defects at GBs typical for nanocrystalline films. With increasing hydrogen concentration hydrogen starts to occupy interstitial sites. At the solid solution limit the grains gradually transform into the β-phase (GdH 2 ). Finally at high hydrogen concentrations x H > 2.0 H/Gd, the film structure becomes almost completely amorphous. Contrary to bulk Gd specimens, the formation of the γ-phase (GdH 3 ) was not observed in this work.
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Introduction
The Gd-H system attracts attention of researchers because of its high absorption capacity and a negative enthalpy of solution for atomic hydrogen [1] .
However, the knowledge about the Gd-H phase diagram is yet incomplete, especially at low temperatures. As the hydrogen concentration increases, bulk Gd 5 undergoes the following phase sequence [2] : α (hcp, Gd) → β (fcc, GdH 2 ) → γ (hcp, GdH 3 ). At room temperature the hydrogen solubility in the α-phase is very low (x H < 0.01 H/Gd). With increasing hydrogen concentration, the α-phase transforms into the β-phase and the transition is completed at x H ≈ 1.9
H/Gd. Further loading with hydrogen leads to the formation of the γ-phase 10 starting from x H ≈ 2.3 H/Gd and being completed at x H ≈ 2.8 H/Gd.
Absorbed hydrogen causes remarkable volume expansion of the Gd lattice.
Contrary to bulk samples thin films are usually clamped to elastically hard substrates which prevent in-plane expansion of the film. Therefore, the expansion of hydrogen loaded films is highly anisotropic: the in-plane expansion is sup-
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pressed while the out-of-plane expansion is larger than in a corresponding bulk sample due to the Poisson effect [3] . As a consequence large in-plane bi-axial compressive stress appears in hydrogen loaded films [4] . It has been shown [5] that hydrogen-induced stresses strongly influence the thermodynamics of metal to hydride phase transitions. Moreover, it is also known that hydrogen strongly 20 interacts with open volume lattice defects [5, 6] . Thus, the microstructure of the film influences the hydrogenation process, shifting phase boundaries and causing microstructural stress.
In the present study these effects were investigated by step-by-step hydrogen loading of nanocrystalline Gd films. The microstructure of the films was 25 characterized by transmission electron microscopy (TEM) combined with insitu X-ray diffraction (XRD). The relaxation of hydrogen induced stresses was examined by acoustic emission (AE) measurements.
Experimental details
Gd films with thickness of 1200 nm were deposited at room temperature 30 on sapphire (1120) substrates in an ultra-high vacuum (UHV) chamber with a base pressure of 10 −10 mbar. Cold cathode beam sputtering was performed using argon gas with pressure of 2 × 10 −4 mbar. The Gd films were covered with a 30 nm thick Pd over-layer in order to prevent oxidation and to facilitate hydrogen absorption into Gd.
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The virgin films were step-by-step electrochemically charged with hydrogen using constant current pulses applied between a Pt counter electrode (anode) and the Gd film (cathode). Hydrogen charging was performed in a galvanic cell filled with 1 M KOH electrolyte. The current density was kept at 0.3 mA cm −2 . The hydrogen concentration in the samples x H was calculated from the 40 transported charge using the Faraday's Law:
where I is the loading current, t is the length of the loading pulse, V m is the Gd molar volume, V is the volume of the loaded film and F is the Faradays constant.
In-situ XRD investigations of hydrogen-loaded films were performed at HA-45 SYLAB (DESY, Hamburg) using synchrotron radiation with a wavelength λ = 0.499123Å. The XRD patterns were accumulated in the symmetrical BraggBrentano geometry.
TEM studies were carried out on a Phillips CM300SuperTWIN microscope operating at 300 kV. Thin foils for cross sectional TEM observations were pro-50 duced using a Gatan precision ion polishing system (PIPS).
AE studies were performed in-situ during the hydrogen loading with a computer-controlled DAKEL-XEDO 3 AE system. A piezoelectric sensor MST8S
(with a frequency band from 100 to 600 kHz) was attached to the back side of the substrate of the loaded film, while the front side with the Gd film was 55 immersed in the electrolyte.
Results and discussion
A dark field TEM image (in cross-section) of the virgin Gd film is shown in Ar pressure during sputtering which is known to induce compressive stress into films due to atomic peening processes [7] ; out-of-plane lattice expansion of the α-phase caused by hydrogen absorbed from the air. Note that since the β-phase particles were observed in the virgin film the α-phase must be already saturated hydrogen concentration x H ≈ 1.6 H/Gd the film is completely transformed into the β-phase. This concentration is lower than x H ≈ 1.9 H/Gd where the α to β transition is completed in bulk Gd [2] . Hence, the two-phase co-existence region is narrowed in the film. Narrowing of the two-phase field has been often ob-90 served in nanocrystalline materials and has been attributed to the high volume fraction of grain boundaries (GBs), which exhibit disordered structure [5] . Hydrogen firstly fill low energy sites at GBs and subsequently also the interstitial sites inside grains. Contrary to grains, GB regions are not transformed into the hydride phase at high hydrogen concentrations. These processes lead to narrow-
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ing of the two-phase field. Preferential hydrogenation of GBs was confirmed by positron annihilation spectroscopy [8, 9] . Precipitation of the hydride phase in the grain interiors takes place only when GBs are saturated with hydrogen. The onset of the α to β transition is, therefore, shifted to higher hydrogen concentration, not shown here. Since the hydride phase is not formed at GBs due to 100 their distorted structure the total volume transformed into the hydride phase is lower than in a perfect single crystal [5] . As a consequence the phase transition to the hydride phase is finished at lower hydrogen concentration than in a coarse grained bulk sample [5] . were noticed during such prolonged hydrogen loading.
The cumulative number of AE events detected in the Gd film during hy-125 drogen loading is plotted in Fig. 3b . A considerable number of AE events was detected already inside the α + β two-phase field and a further increase in the number of AE events was observed after loading to higher hydrogen concentrations (x H > 1.6 H/Gd). The occurrence of AE events testifies to collective movement of dislocations and gives clear evidence that hydrogen-induced 130 stress evolving during the α to β transition is partially released by plastic deformation [12] either by extrinsic dislocation loops emitted by growing β-phase precipitates [13, 14] or by glide of dislocation segments originating from misfit dislocations at the film/substrate interface [15] . The latter mechanism is likely operating also at higher hydrogen concentrations (x H > 1.6 H/Gd) in the film 135 transformed completely into the β-phase.
The microstructure of the hydrogen loaded film was examined by TEM.
While the film loaded within the α + β two-phase field (x H < 1.6 H/Gd) exhibits column-like structure with α and β phase crystallites (not shown here) the film's microstructure has markedly changed by loading to high hydrogen 140 concentrations (x H > 2.3 H/Gd). Fig. 4 shows the microstructure of the Gd film after prolonged hydrogen loading up to nominal x H = 3.0 H/Gd. The microstructure of the region close to the sapphire substrate and the sub-surface region is shown in Fig. 4a and 4b , respectively. One can see in Fig. 4a that a foam-like defected structure was formed in the region close to the substrate.
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The electron diffraction pattern confirms that the structure of the film is fully amorphous there. The subsurface region in Fig. 4b exhibits small crystallites embedded in the amorphous matrix. Hence, prolonged hydrogen loading leads to the amorphization of the nanocrystalline Gd film. Electron diffraction patterns are shown in the insets.
The absence of the γ-phase in the Gd film might be associated with its 150 nanocrystalline structure since the formation of the γ-phase in nanoscopic crystallites may be energetically unfavorable. Another possibility is that the compressive in-plane stress in the film hinders the phase transition into the γ-phase.
The important role of stress in the film is supported by the finding that amorphization of the film is more pronounced in the deep region close to the surface 155 where the in-plane stress is more pronounced than in the more relaxed subsurface region. To clarify which of the two factors plays the dominant role in the suppression of the γ-phase formation in the nanocrystalline Gd film additional studies are required. These studies should include investigations of epitaxial Gd films which exhibit in-plane stress but do not have nanocrystalline 160 structure and Gd films deposited on soft substrates which exhibit nanocrystalline structure but a strongly reduced in-plane stress. Recently the formation of the γ-phase has been reported in epitaxial Gd films prepared by electron beam evaporation [16, 17] . Although information about the stress in these films is not available it indicates that the nanocrystalline structure might be the more im-165 portant factor. Note that similar effect as in Gd films may occur also in Y films.
While formation of YH3 is well documented in epitaxial [18, 19] and polycrys- 
Conclusions
The development of the microstructure of hydrogen loaded Gd films was studied by in-situ XRD combined with TEM. The virgin Gd film consists of column-like nanocrystalline grains and exhibits compressive in-plane stress.
Traces of the β-phase were observed already in the virgin film. With increasing 175 hydrogen concentration the film gradually transforms into the β-phase. The region of the α+β phase co-existence was found to be narrower than in a bulk Gd.
In-situ AE studies revealed that hydrogen-induced stress is relaxed partially by plastic deformation of the film during the α to β phase transition and also when the film was completely transformed into the β-phase. Contrary to bulk Gd the 180 γ-phase was not formed in the nanocrystalline Gd film. Prolonged loading up to nominal hydrogen concentration of 3.0 H/Gd leads to the amorphization of the film structure.
-Microstructure development of hydrogenated nanocrystalline Gd films was studied -The virgin film contains already traces of the -phase (GdH2) -With increasing hydrogen concentration Gd gradually transforms into the beta-phase -The region of  phase coexistence is narrower compared to bulk Gd -The -phase (GdH3) is not formed -Prolonged hydrogen loading leads to amorphization of the film structure
